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Abstract:

During the summer of@9, work began on the preliminastages of an analysis of
associated production of tidgh-massHiggs boson. Our analysis group investigated the high
mass Higgs channel WHWWW! [".jj.jj, a channel thihas not yet beergliedby other
analysis groupsThis paper will explaimngoing efforts to process data, Monte Carlo (MC)
background and signal samples, model data effectively with MC background processes utilizing
analysis and plotting scripts, and develop multivaritdssifiers for the purpose of

distinguishing between signal and background events.
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[. Introduction

Search for the Higgs Boson:

The existence of the Higgs boson, anagly postulated by Peter Higgs and othars
1964, has been the target of many research effontscent years &ERN andrerni National
Accelerator Lab (FermilgbThe mass of the Standard Mo@®&M) Higgs is commonly believed
to lie within the range of 114.4 GeV and 200 GeV. Recently, CDF and DO have been able to
exclude the mass range of 160l GeV at a 95% confidence I€v@lithin the realm of
Standard Mode(SM) Higgs searches, there exist two principal categories; high mass Higgs
searches within the range of 1680200 GeV, and low mass Higgs searches that encompass a
mass range from 11GeV to 150 GeVThechannel through which the Higgs decays varies
depending on itmass. Alower masss the Higgs is expected to degaygdominantiyto a
bottom quark/antquarkpair while at higher massése Higgs is expected to decay primarily to
a mir of W bosonsa class of particles responsible for the mediation of the electroweak force
The relationship between the Higgs mass and the means by which it will likely decay is
illustrated in Figure 1.1.

The SM Higgs can be produced directly througkoglfusion or through associated
production methods, where it is produced alongside a W or Z boson. The channel with which our
analysis is concerned is associated production of the Higgs alongside a W boson. As can be
understood from Figure 1.2, the crastion of this process is around one order of magnitude
smaller for the high mass Higgs in comparison with direct Higgs production.

Figure 1.2 indicates that one should expect more Higgs events from channels involving
direct production for a given dataskan from associated production channels. However, the

number and crossection of the background physics processes in these direct production
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channels will exceed the number and cresstion of the background physics processes for the

WHIWWWI!I".jj.jj production channel.

DO Detector:

The DO detector is the engineering marvel at the heart of decades of brilliant work in the
field of highrenergy physics. Comprised of emmer silicon detector, three liquid argon uranium
calorimeters, and a muon systerthe detector produces the data that is essential techigityy
physics anaises. Triggersat the detector condupteliminary event selection, paring down what
would otherwise be an unmanageably large dataset by recording in full only those events of
interest to highenergy physicists.

Over the course of the past summer, | have gained exposure to many of the Higgs
searches that are ongoing at the DO collabarati@ variety of channels. A considerable number
of the tools and processes used in these Higgeches areniform across many channels; the
existence of such common tools is criticatpediting and improving thguality of these Higgs
searches throughout the DO collaboration.

This paper will explaiongoing efforts to process data, MC backgibuand MC signal
samples, model data effectively with MC background using analysis and plotting scripts, and
develop multivariate classifiers for the purpose of distinguishing between signal and background

events.

[l. Materials and Methods:

C++:
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C++ is a objectorientedpraogramming language that is utilizedROOT and other
analysis packages used widely throughout High Energy Physics.(HE®summer, | had the
opportunity to learn C++ fror@r. Walter Brown through the Accelted C++ Short Course
offered at Fermilab. This class gave me crucial insight into a programming language with which
| frequently interacted through daily use of packages like ROOT or CAFe, scripts developed by
others, and my own codebenefited tremendously from the opporturtitylearn a new

programming language in this structured setting.

ROOT

High-energy physicists frequently interface with data and MC samples through the user
friendly medium provided by the ROOT software packaf€rees and MBTrees,their DG
specific elatives provide the overarching structure in the ROOT files with which we have
worked in our analysis; the TBranch, TClonesArray, and TLeaf classes, among others, also help
to organize ROOT files like the ones with which we worked in our analysis, prg.edisy
access to information relating to HEP events. Typical TTrees fordriglgy physics analyse
contain information relating to the kinematic properties of leptons and jetgging(attributing
a jet to a b quadk missing transverse energy (WM and identification information like the
event number and run number associated with each. éxzstly, as higkenergy physics
analyses use eventnable distributions regularly, the ROOT package provides simple ways to

making, analyzing, and writing hagrams.

Common Analysis Format (CAF):
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The DO collaboration employs Common Analysis Format (CAF) to process data stored in
TMBTrees Configuration files specify the processors to be run over the dataset and the
parameters that will be used by those prsces These processors are coded in C++ and will
typically loop over jets, leptonsnd events; common functions carried out by CAF processors
includeapplying cuts, flavetagging of jets, producing new TTrees, and writing those TTrees to
file. Many anayses employ groups of common processors, depending typthef lepton(s) in
the final statgelectron, muon, or some combination of the two) and whétkesample in
guestion is data from the detector or Monte Carlo simulstion

In principle, the fungbns fulfilled by analysis processors could be carried out
interactively in ROOT; however, the potent combination of CAF and the powerful DO Central
Analysis Backend (CAB) computing system is required to tackle the enormous task of

processing millions ofvents in a reasonable amount of time.

Processing Data and MC Badkmnds with wh cafe

We have conducted data processing efforts using the wh_cafe package, version
whtree_v0101-00, in a DORunll p21.13.00 release. We have also made successful forags in dat
processing with hww_cafe vaIR-br and its BtagNtuple processor, but as of the time of this
writing, we are planning to use wh_cafe in our analysis. Our effort to process data and MC with
wh_cafe also utilizes the packages featured in the DO workingearep script featured in
Figure 2.2. With the wh_cafe package, we utilized the WHTree processor. We were instructed
to modify some components of our wh_cafe package, including WHEvent.hpp (class definition
file), WHTree.cpp (processor source file), atHTree.hpp (processor header file), and

recompile the package after running into some issues while using the unaltered whtfde v01
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00 version of the packaferhese partial updates allowed us to successfully process data and
MC, but as will be discussed the OPreliminary ResultsO section, it appears likely that we will
need to update our wh_cafe package in its entirety in order to complete tipeqoestsing stage
successfully.

We processed our data and MC background datasets utilizing O.configGdifies
from template files provided to us by Yuji Enari. The analysis chain utilized to process the
VJets MUinclusive_Summer09_Runllb_v2 dataset can be seen in Figure 2.1; the last processor
in the chain, the WHTree processor, creates the output flievithbe used in later analysis
steps. Among other important specifications provided in this .config file, we require at least two
jets that have passed certain selection criteria and at least one lepton meeting OlooseO lepton
criteria in order for the gen event to be written to the wh_cafe output file (wh_tree.root). In
later stages of our analysis, we will further reduce our samples by requiring four jets and a tight
lepton, but it was suggested by members of another analysis group that we mayrefeainto
from requiring a minimum of four jets at the data processing stage, so we are adhering to this
recommendation. One aspect of the configuration file that we will change when we reprocess our
data and MC samples is a cut on MET,; right now, there minimum MET specified in this
.config file (the-1 value to which the MET minimum is set signifies Ono cut®). While not all
leptons that are written to the wh_tree.root output file meet tight selection critieria, the WHEvent
class included in the wh_cageovides an OlsTightLepton()O method by which one can determine
whether a given lepton passes tight criteria.

After running the .config file featured in Figure 2.1 over more than 111 million events
across the 15,000 files that are specified by the VJaténdtusive_ Summer09_Runllb_v2

SAM dataset definition, the resulting output file contains approximately 800,00 events.
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PostProcessing Data and MC Backgrounds

After running the data and MC background samples through CAF, the next step in our
analysis lo&s to model the data event variable distributions using weighted sums of the MC and
QCD background event variable distributions. As we expect a small number of Higgs events,
between five and ten, to be found in approximately 4dbdata for Higgs masséetween 150
and 200 GeV, we would expect the MC and QCD backgrounds to model the data effectively
regardless of whether the Higgs boson exists given the large number of data events. If the
background processes do not model the data well at this stagsyuld suggest that the
weightings of the backgrounds have not been executed properly or that essential background
processes were not represented at all in the data modeling process.

The WHTree processor that we used to process data can access aindistooetput
tree a number of important event weights. However, unlike more recent analysis scripts, the
analysis script WHTreeAnalyze.h from wh_cafe whtree-@0D0 applies only the Oglobal®
event weight and an event weight based on the-sexsonof the physics process modeled by
the given event when producing the event variable distribution plots. We could endeavor to
modify the analysis scripts from the old version of the package on our own, but this option
should be considered a last resort gitlee level of expertise of those creating and updating

these packages. This issue will be explained in further detail in the OPreliminary ResultsO section.

Backgrounds for the WHWWW [".jj.ij Channel

Our analysis is in the midst of processing a widgety of backgrounds for the WH

WWW! ["jj.Jj channel for the associated production and subsequent decay of the Higgs boson
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into a final state of four jets, one lepton, and a neutfnactically speaking, we deal with two
different kinds of backgroundsabkgrounds reflective of other processes that ultimately lead to
the same final state of four jets, one lepton, and one neutrino, as well as a background referred to
as multijet background, or QCD. QCD background arises due to the fact that the detector ca
incorrectly label a jet as a leptdWhen using CAF to process data and MC background; user
specified criteria are applied to categorize potential leptons as OtightO and/or OlooseO (a lepton
that is tight, for most tight and loose definition pairs, aitlo meet loose criteria). Packages

used in conjunction with our base CAF package, vjets_cafe, provide some commonly used
lepton quality definitionslf one makes the criteria for consideration as a tight lepton too

stringent, potential signal events giéiefed out of the dataConversely, lenient OtightO criteria

will dilute the sample with QCD backgrourjets originating from light quarks will be

frequently mistaken for leptongvhile some QCD is inatable, it is essential that we model the

QCD backgound correctly in our analysi$he analysis scripts that we are using in association
with the wh_cafe ackage include a method for modeling QCD background based on the actual

data.

Multivariate Analysis

Multivariate analysis ishie principal means usédxy high-energy physicist® distinguish
between the varioyshysics processes that make place when interactions occur in the
detectorFirstly, however, letOs take a step back and consider the notion of Monte Carlo
simulations. Physicists can spegifgrameters for the Higgs boson, the most essential of these
being the Higgs mass, and then use powerful computing systems to simulate how the Higgs

would manifest itself in the DO detector in terms of the kinematic information of the final state
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particlesthat would be recorded by the detector. Unfortunately, these simulations show no
evidence that the Higgs leaves a simple, unique OsignatureO. No basic event variable distribution
for the signal MC sample shows such drastic deviations from the same anehtevdistribution
for the background MC such that an event of unknown classification, like a data event, could be
classified solely on the basis of the value that this event associates with the specified event
variable. It is at this critical juncturbadt supervised learning techniques like neural networks
play a role. Neural networks take a fraction of the entire signal and background MC samples, a
Otraining® sample, and develop a complex classification scheme baseespeadifsed event
variables umg the events from the signal and background training samples as guides. The
classification capacity of these networks is then tested on another portion of the signal and
background MC.

An understanding of the physics of the targeted signal procesdtesilallow one to
calculate more sophisticated event variables that lead to better discrimination between signal and
background processes. In the results section, we will examine distributions of the leptonic W
boson transverse mass for data and MC backgteamples; this is a quantity that is derived
from the kinematic variables of the lepton and the MET (associated with the neutrino). In the
WH! WWW! ["jj.jj channel, we can also reconstruct the mass of the other two W bosons and
even make final cuts based the reconstructed mass values. We should expect, for some
permutation of jefet pairings, the dijet invariant mass of each of the two pairs to fall somewhere
within a range centered on the W boson mass for signal MC events; this would not nedessarily

the expectation for w+jets or other MC backgrounds.

Toolkit for Multivariate Data Analysis (TMVA)
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Using the TMVA(v. 3.9.5)package in ROOTv. 5.22.00a)one can choose from a
variety of multivariate analysis techniques. For this paper, we traanddested an example
neural networkNeural networks are comgped of several layers of nodes, the first and last being
the two most intuitive layerd.he first layer represents the input variabdeming from the
TTree in the ROOT file provided by theansthe last layer ideally represents is the output layer.
Ideally, the value in this last output node can easily be associated withlgigral background
like events. For example, in many neural networks in-Riggrgy physics, signal events cluster
near higher output values (close to one) and background events tend to result in output values
closer to zero.The architecture of the neural netwéokbe developed by TMV4s left to the
discretion of the uselthe user mustelectmeaningfulinput varables for which there are
significant differences in the distributionstbg signal and background MC sampléte or she
must alscexperiment with the number [#yers of nodes in between the input and output layers
as well as the number of nodes in eatthese layers to achieve an optimal configuration.

After using C++ macros in conjunction with TMVé#pecific classes to specify network
architecture, train the network, and test the network, we utiiz€MVAGui interface (shown
in Figure 2.3) teevaluate the performance of the network. We can examine event variable
distributions for signal and background proced$sethe training sample of signal and
background MC eventster cuts have been applied, look at the correlations between variables in
the analysis, and perhaps most importantly, see how our classifier (the network) fared when
evaluating the OtestO sample of signabankiground events. Ideally, the multivariate analysis
(MVA) output distributions for the two classifications, signal and backgl, will form sharp,
distinct peaks with significaneparation between the two peaks; if the signal and background

MVA output distributions contrast in this way, it is, in a manner of speaking, an indication that

>6'
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the neural network can classify eveatainknown type with confidence if the expected numbers
of signal and background events are relatively close. Unfortunately, this final condition
concerning equal numbers of expected signal and background events will probably not be true
for our case eveafter all cuts have been applied, but we still hope to obtain these two sharp,
distinct MVA output distribution peaks.

After the network has been trained ansteéd, we apply the classifier to data events (of
unknown classification)astly, we compare thielVA output distribution for the data to the
MVA output distribution for the MC background processes. Evidence for the Higgs boson would
arise if the distribution for the data deviatgnificantly from the MVA output distribution for

the background MC teard the MVA output distribution for the signal MC.

lll. Preliminary Results

Members of our analysis group continue to develop familiarity with the complex web of
tools used in these higgnergy physics analysdsa.the coming weeks, we will be reviewingr
methods for processing data and MC with CAF, oetessing with the wh_ca#sd hww_cafe
packags, and carrying ot multivariate analyses. We will likelgprocess some afl of our data
and MC samples. When submitting data processing jobs to Rdfal@nalysis Backend
(CAB) computing system, some jobs unexpectedly failed while others succeeded. We know the
mechanism to recover jobs and will ensure that all data and MC files are processed in our final
analysis, but we have opted not to implenrenbvery projects while we continue to refine our
approach. We are still testing out new techniques and new packages; all results are preliminary

and aresubject to future corrections.

>7'
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Processing and Postrocessing Data and MC:

Recently, we have proceskdata and MC backgrounds using the WHTree processor
from wh_cafeandhave proceeded to check fmgreement between the event variable
distributions by utilizing various pogirocessing tools included in the wh_cafe packsige are
currently concerned th#tte analysis suite from the version of the wh_cafe package with which
we were working, labeled whtree_\01-00, does not apply the necessary event reweightings
based on the reweightings that we have seen applied by others. As evidence of our concerns, |
present in Figure 3.6 a comparison of the code utilized to calculate event weights in
WHTreeAnalyze.h, one of the major analysis tools in wh_cafe whtreed1/00, and
WH_ Analysis.h from the wh_cafe package obtained using the addpkg wiEhaadenmand in
the context of a DORunll p21.13.00 release sometime in late July to early August.

WH_ Analysis.h seems to be analogous to WHTreeAnalyze.h from the version whtr€4-00Q1

in some respects. As one can see in Figure 3.6, functions utilized by the WH_ Amalysis.
incorporate many more event weights in the more recent version of the package as compared
with WHTreeAnalyze.h from version whtree_v01-00. Further investigation of this point will

be necessary, but at the time of this writing it appears as thoughugifading the version of
wh__cafe that we are using in our analysis would be an appropriate step.

Figure 3.7shows the event variable output distributions of data and MC background
samples for the transverse mass of the leptonic W boson for data ancckéffobad processes
after cuts have been applied to require, among other conditions, exactly four jets and one lepton,
the key components of the final state of our Higgs decay mode. Plots showing event variable
distributions for data and MC backgrounds evebtained by running the rundatavsmc.csh shell

script, which subsequently relies upon the tree_datavsmc.cc macro and the WHTreeAnalyze

>8'
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class as defined in WHTreeAnalyz& hover many of the significant backgrounds for our
channel. This plot is promising some respects; there appears to be reasonable agreement
between the weighted sum of the backgrounds and the data. However, the w+jets scale factor
that is applied to help the MC backgrounds model the data more effectively due to uncertainties
in the cros-section of w+jets processes is reported by the output of the analysis to be
approximately 7.08. Other channels, such as theAWV! 1" .jj (muon) channel being
investigated by Shannon Zelitch, Marc Buehler, and Bob Hirosky from the University of
Virginia reently reported in a DO Note submitted for review a w+jets scale factor of 1.035 or
1.05 depending on the type of W reweighting that is applied in the data processing $tage
Given what we believe to be the shortcomings of the analysis script, WHTrgedihalfrom
the whtree_v0D1-00 version of wh_cafe, it is not surprising that our w+jets scale factor does
not align with values received by others. It should be noted that our list of background processes
will likely expand as we head toward a final 1séd. We have learned that even MC
background samples that wouldnOt appear to contain events with four jet and one lepton final
states may in fact contain such final states, so there may be a sample that was not incorporated
into this analysis that contasignificant background in our channel. We still have questions
about values that should be used for different parameters for the .config files and may need to
add, subtract, or reposition processors in our analysis chain.

As has been discussed, we wil implementing our analysis with a new version of
wh_cafe and its associated scripts shortly. We expect to achieve greater agreement between data

and MC backgrounds after implementing the new version of wh_cafe.

Multivariate Analysis:

>9'
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Recently we have mcessed Monte Carlo tleground and signal processes and run
TMVA analyses using these results. | developed a macro that takeproééssed data and MC
as input, applies cuts, and writes a TTree such that access to event variables is not dependent on
methals associated with the WHEvent and other classes associated with the wh_cafe package. |
originally believed that this intermediate step was necessary if we were to be able to carry out
multivariate analysis with certain analysis programs, but it now sththis will probably not
be necessary in the future. It is important, however, because it also applies cuts on a number of
variables, including the number of jets, which must be equal to four, the number of leptons,
which must be equal to one, and tlght/loose nature of the lepton (it must meet tight lepton
criteria). Figures 3:3.5 come from TMVA analysis ¢finweighted)signal MC for a Higgs
mass of 18@eV in the muon channel af@hweightedpackgraind MC in the w+5Ip
(inclusive)channel. We donot weight the signal or background MC used as input for our
multivariate analysis as we have not yet determined a comprehensive list of weights that need to
be applied for each sample. Figure 3.2 shows the cuts that were applied to the signal and MC
backgounds; Figures 3.3 and 3.4 show the event variable distributions for the two processes, and
Figure 3.5 shows the MVA (neural network) output for the processes.

As one can see in Figure 3.5, the separation between the signal and background peaks has
not reached a level such that the network, as presently constituted, would make for a strong
classifier of data events; if an event of unknown classification were to be run through this
network, few MVA output values would indicate with much certainty whetreetient should
be classified as background or signal; the overlap between the two output distributions for the
test sample is too significant. Note that the MVA output distributions are normalized so that

there are an equal number of signal and backgreuedts.
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IV. Challenges

As someone who has begun to program within the past six months and did not have
familiarity with any of the tools common to high energy physics analyses at DO prior to arriving
at Fermilab in late May, | had to devote a signifigamttion of my time to learning the system,
and how each of the tools available fits into the larger analysis framework. Initially tasked with
completing the multivariate analysis portion of the project, my respiiities changedver the
course of thelsmmer. Ihave madelecisions on such matters as the packagbs tsed in
analysis and frequently communicate with other physiaistise DO collaboron that conduct
similar Higgs analyses. While it required significant effort to develop an undemstpofithe
entire highenergy physics analysis framework, | believe that my experience has been much
more fulfilling and impactful as a result.

Perhaps one of the most essential lessons that | learned over the course of this experience
was one in the orgaration of oneOs materials for an analysis effort of this size. In the excitement
of testing out new programs and making progress, it can be easy to lose sight of the importance
of organizing oneOs results. Of course, in the initial stages when one didevimiliarity
with and testing out new tools, it seems unwise to devote too much time to organization.
However, major jobs like data processing require a sound framework in which files relating to
job submission, data processing specifications (.cdihdig), and output can be stored.

Especially as we look into utilizing new versions of packages, it will be important that | improve
my documentation of the packages being used. On the DO Wiki, the standard packages to be used
in analysis are listed withersion numbers; we need to make sure we can identify which version

of a package is being used at all times. In accessing the new version of wh_cafe, | used the
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addpkg wh_caf€h command to obtain the OheadO version of the package within the past several
weeks, but parts of the package could have changed even in that short time span. Depending on
the part of the package that was changed, my references could be made obsolete as a result. Evel
those files to which Yuji Enari directed us from one of his anesadued0 may have been altered

or modified since he originally sent the instructions to use his files. Maintaining strong
organizational structures and implementing the good practices that we have learned Othe hard
wayO will be essential to the integutiyany ultimate final result and achieving high levels of

efficiency along the way.

V. Future Plans:

| will continue work on this analysis through August, with the hope that over the course
of the next four weeks, our project will continue to gain moomarandthat the analysis stages
discussed here will be finalized by that tilhénmensely enjoyed my first taste of highergy
physics and appreciatéide zeal with which the Fermilab community pursues a greater
understanding of fundamental scientificegtions. This experience has kindled a desire to
continue on to a career in higimergy physics in some capacity, and | look forward to future

opportunities to contribute to this field and the work that is ongoing at Fermilab.
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Figure 1.2: Cross Sections for Various Higgs Production Methods
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# The data files areltagged yet
VJets.InputJet_Branch: %{VJets.JetAlgo}

cafe.Run: Group(MuJets_Data_Base)
# Possible to add to the BEGIN, CUTS and USER groups here:

USER.Run: Group(VJetsMETSignificance)
+USER.Run:  JetSelector(jet_sele)
+USER.Run: afeReadEventProc(event)
+USER.Run:  BTagProcessor(tagger_nn_ol)
+USER.Run: Group(MySaveOutput)
+USER.Run: Group(MySaveWeights)
+USER.Run:  WHTree(whtree)

jet_sele.nJets: 2
jet_sele.nJetsMax: %{VJets.GoodJet_ Nmax}
jet_sele.Ntracks: 1

VJets.GoodJet Nmhx:
VJets.GoodJet_detEtaCut: 2.5
VJets.GoodJet_etaCut: 10
VJets.GoodJet REIt:

whtree.Analysis_Version: 001

whtree.LooselLepton_FromBranch: %{VJets.LooseMuon_Branch}
whtree.TightLeptamBranch: %({VJets.TightMuon_Branch}
whtree.Lepton: MU

whtree.Jets_FromBranch: GoodJCCB_t3
whtree.VertexConf_Jets_From: VertexConfirmedJets
whtree.BJets_FromBranch: GoodJCCB_t3
whtree.MonteCarlo:

Figure 2.1: Snapshot of MuJets_Data_Summer09.contfit)
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setup caf_tools -t

setup DORunIl p21,13,00 -0 SRT_QUAL=maxopt
newrel p21,13,00 work

cd work

d0setwa

#using csh
setenv PATH ${SRT_PRIVATE_CONTEXT}/shbin/${SRT_SUBDIR}/:${PATH}
seteny LINK_SHARED y

setup dOcvs
cvs co -+ p2l-13-00 DOreldb/inventory
autoroot,py tmb_tree cafe

addpkg vjets_cafe v03-04-00

addpkg tmb_tree p2l-br-61

addpkg jetcorr p2l-br-12

addpkg cafe p21-br-28

addpkg cafe_sam p2l-br-06

addpkg caf_util p2l-br-112
addpkg tau_tmb p21-br-01 # Tau ID
addpkg tmb2ttau v00-00-02

addpkg caf_mc_util p21-br-133
addpkg emid_cuts p2l-br-22
addpkg met_util p2l-br-01

addpkg eff_utils p2l-br-24
addpkg caf_eff_utils p21-br-14
addpkg caf_trigger p2l-br-73
addpkg lumi_profiles v2009-07-16

addpkg beamposition v2003-06-24
addpkg emid_eff v7-preliminary-37
addpkg muid_eff v04-04-00

addpkg jetid_eff v03-01-03

addpkg tauid_eff v00-01-02

addpkg dgq_defs v2003-04-18
addpkg caf_dq p21-br-03
addpkg dgq_util p21-br-05

addpkg btags_cert v08-00-01

addpkg btags_cert_caf v00-03-00
addpkg dOroot_analysis v00-03-83
addpkg dOroot_slthn w00-00-04
addpkg dOroot_jlip w00-02-02

addpkg dOroot_nnbtag v00-01-02
addpkg dOroot_mva_btagger v00-00-06
addEki dOroot_tmbtree v00-10-31

Figure 2.2: Packages Used in Data Processing Analysis in Conjunction with wh_cafe

whtree_v01-01-00 (Setup Script for DORunll p21.13.00 Working Area)
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06 X! TMVA Plotting Macros
(1a) Input Yariahles (training sample)

(I Decorrelated nput Yaratles

(e BEE-transiormed [nputyaraties

(idy Gaussbecar-transiormed nputyaraties

(2a) Input Variahle Correlations (scatter profiles)

(zi) Decorrelated npuiyYanabl e Correlatons (scater profilesy

(Ze) PEA-transtarmed nput Y arable Correlations (scatter profiles)

(zdy Gausslhecar=transformed nputYarable Correlations (scater profiles)

(3) Input Variable Linear Correlation Coefficients

(4a) Classifier Output Distributions (test sample)

{4h) Classifier Output Distributions for Training and Test Samples

{4c) Classifier Probabhility Distributions

(4d) Classifier Rarity Distributions

(9a) Classifier Cut Efficiencies

(ah) Classifier Background Rejection vs Signal Efficiency (ROC curve)

(6) Parallel Coordinates (requires ROOT-version == 5.17)

(Vi Likelifiood Beference Disthibutiners

(Ga) Network Architecture

(@h) Network Convergence Test

(S Decisian Trees

(0 Recisian lree Contral Flots

(11) PDFs of Classifiers

(1) Bule Engemble Imporance Biots

(13) Quit

Figure 2.3: TMVA GUI Interface
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@AB*.+C'

DEFG"4H5*)H&.$0"GIA?4HG4)-A?4HG*J#AGHR¥>>?7G
DEFG"4H5*)H&.$0"GIA>4HG4)-A>4HG*I#4GHG6>>>??GK7
DEFG"4H5*)H&.$0"GIA64HG4)-A64HG*J#AGH6E6>>>?7GK7
DEFG"4H5*)H&.$0"GIA74HG4)-A7T4HG*J#AGH6E6>>>?7GK7
DEFG"4H5*)H&.$0"GIA84HG4)-A84HG*J#4AGH6>>>?7GK7
DEFG"4H5*)H&.$0"GIA94HG4)-A94HGO)#4GH6E6>>>?7GK7
DEFG"4H5*)H&.$0"86LA>4HG4)-AGLA>AHG* J#AGHE6>>5??GK7
DEFG"4H5*)H&.$0"GIA6LAG64HG4)-A6LAG6>HG*J#4GH6>>>??GK7
DEFG"4H5*)H&.$0"GIA6LA74HG4)-A6LA74HGO)#4GH6>>>??GK7
DEFG"4H5*)H&.$0"GIA6#A>4HG4)-A6#A>AHG*J#AGHE>>>?7GK7
DEFG"4H5*)H&.$0"GIA6#A64HG4)-A6#A6>HG*J#AGH6>>>??GK7
DEFG"4HB1&.$0"GIA6#AT4AHGA)-A6#A7TAHGO)#4AGH6>>>??GK7

IAB*.+C
DEFG"4H5*)H&.$0"G5"MNA?4HGM-M-A?4HG*J#4G>9G;9GH6>>>??GK7
DEFG"4H5*)H&.$0"G5"MNA>4HGM-M-A>4HG*I#4G>9G;9GH6>>>??GK7
DEFG"4H5*)H&.$0"G5"MNAG64HGM-M-A64HG*J#4G>9G;9GH6>>>??GK7
DEFG"4H5*)H&.$0"G5"MNA74HGM-MHED)#4G>9G;9GH6>>>??GK7
DEFG"4H5*)H&.$0"G5"MNAGLA>4HGM-M-A6LA>4HG*J#4G>9G;9GH6>>>
DEFG"4H5*)H&.$0"G5"MNAGLAG64HGM-M-AGLAGAHGO)#4G>9G;9GH6>>>

O0L1+1)C
DEFGH&.$0"GIAIGO)#4GH6>>>7?GK7
DEFGH&.$0"GIANGO)#4GH6>>5??GK7
DEFGH&.$0"GNANGO)#4GH6>5>>??2GK7

31HP").031HC

DEFG"4H5*)H&.$0"G.A.A?4HG4)-A6LAG64AH#G*I#4GM>;6 GH6>>>??GK7
DEFG"4H5*)H&.$0"G.A. A>4HG4)-A6LATAH#G*J#4GM>;6 GHE>>>??GK7
DEFG"4H5*)H&.$0"G.A.A64HG4)-A6LA84H#GO0)#4GM>;6 GH6>>>??GK7

o"n"C
RB*.+G,S0)#4-+0K*GE-MM*%?=GT-)//LGK6

Figure 3.1: Data and MC Backgrounds Praessed Using Package Versions in My Working

Area and Incorporated into Postprocessing Analysis
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TCut ¢_Jetl_pT="Jetl_pT>40";

TCut ¢_Jet2_pT="Jet2_pT>30";

TCut ¢_Jet3_pT="Jet3_pT>25";

TCut ¢_Jetd_pT="Jetd_pT>20";

TCut
c_Jets_pT=c_Jetl_pT&&c_Jet2_pT&&c_Jet3_pT&&c_Jetd_pT;

//Other topological variable cuts

TCut ¢_Aplanarity="Aplanarity>0.05";

TCut ¢_Lepton_pT="Lepton_pT>20";

TCut c. MET="MET>20";

TCut
c_preselection=c_Jets_pT&&c_Aplanarity&&c_Lepton_pT&&c_
MET;

Figure 3.2: Cuts Applied to Signal and Background MC in TMVA Analysis Script

TMVA Input Variable: Jet1_pT

TMVA Input Variable: Aplanarity | TMVA Input Variable: Centrality

LR = N Y
g 14 iZZZ) Background
2

UMD flow (5,B): (0.0, 0.00% /0.0, 0.01%

WO flow (5,8): (0.0, 0.0)% 1 10.0, 0.00%
UOflow (5,8): (0.0, 0.00% 1 10.0, 0.00%

01 015 02 025 03 035 04
Aplanarity

[

W0 flow (,8): (0.0, 0.61% 1 0.0, 0.01%
WO flow (,8): (0.0, 0.61% 1 0.0, 0.01%

A I P P PP T
WO-flow (5,8): (0.0, 0.07% / (0.0, .07%

A LRI R et 5
40 60 80 100 120 140 160 180
Jet2_pT Jetd_pT

Figure 3.3: Event Variable Distribution
Signal MC: Muon Channel, Higgs Mass 0fLl80 GeV

Background MC: w+5Ip ! |" + 5Ip
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[ T™MVAInput Lepton_pT | [ TMVA input Lepton_phi_| [ TMVA input Variable: Jeti_eta |

E oosfy T : g

£ o002 ‘ g : g §
= H =
g 147 g
H I H
§ §
H %

Lepton_pT

[ TMVATnput Jet2_eta | [TMVATInput WTi Mass |

g 5 5 0.025

g § § E 0.02 §
§ ; 0.015 ;
§ § §
g g 0.01 g
% % 0.005 %
2 2 2

b S g ]

Figure 3.4 Event Variable Distribution
Signal MC: Muon Channel, Higgs Mass of 180 GeV

Background MC: w+5Ip ! |" + 5Ip
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| TMVA response for classifier: ANN |

ITMVA
| T UL | LI I nmrrr I T 11T I T1rrrT I TTr T I 1T l TTrIrT I T l:
E o 3 Signal E
= Background =
E s ‘ —
o C -
s =

6 E— —f 2

5F =

= Je

4 2

3IE s

2 =

= 12

1 u _|.| EL

0 :l | ) v b L 1 ah _g

03 02 -01 0 0.1 0.2 03 04 05 0.6

ANN response

Figure 3.5: Neural Network Output Distribution
Signal MC: Muon Channel, Higgs Mass of 18@GeV

Background MC: w+5Ip ! |" + 5Ip
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"#$%&')*%+,-.( /"(1"#$%&'0(1'2!"3(4%2'(5647(%3+('%847(96.6:2(;<<=>P
(
"#3$%&' @+%2%A:B$@CD#93%47(E:F"
LooseWeight =
GetWeight()*dEta_weight*dPhi_weight*Lumi_weight*VCJ_weight*Etal weight*Eta2_weight*
weight*dR_weight*xsec_weight;
TightWeight
GetWeight()*dEta_weight*dPhi_weight*Lumi_weight*VCJ_weight*Etal weight*Eta2_weight*
weight*dR_weight*xsec_weight;

"#$%&' @+%2%A:B$@CD#G%:'93%47E:F"
float GetWeight() const {
float mc_xsec = map_xsec [fDataName.Data()];
float mc_nevent = map_event[fDataName.Data()];
/lreturn mc_nevent != 0-2wWEMht*mc_xsec/mc_nevent*fLumi : 0.;
return mc_nevent != 0-2wWEight : 0.;

I"#$%&' @:8$@CDHS8"F$,,(
whewtweight = staventWeight();

(
"#$%&'(1"28"  #A<IXKI k<Y
(

"#$%&' @+20A:B$@CDH8"93%47K'K"
lo_weight = fBwteight*mc_xsec/mc_nevent*Lumi;
ti_weight = fBwteight*mc_xsec/mc_nevent*Lumi;

"#$%&' @:8$@CDHS8"F$,,(
Gvhevtweight = staventWeight();

"#$%&'()B7('L8-E3.(%8'% J

@8LLB:@5MN@, DK %$"%87#"73".@;I#IP#AO'2:#AFQK<>?(A'8:EL3(
"28"#A<l XI k<(E2"(CDRA'32F",,S(CDH8"F$,,S(%3+(CDH8"F",,(&E4":(
$LB'(&8LB(@!L8-@,",) J46'+<@'3%BE@CD@,;|IP#PF<FT#A<@(2"8L6."($4¢t
>?

(

"#$%&' @!"#$%& @CDRA'32F", (

_whewtweight=stat>eventWeight()

Figure 3.6: Comparison of Event Weights Applied in wh_cafe whtree_veQ1-00 and New

Version of wh_cafe Obtained with addpkgeh wh_cafe
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| "WTransverseMass(GeV)" (tight)
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Figure 3.7: Leptonic W Boson Transverse Mass Output Distribution for Data and MC

Backgrounds

0James, Randerson. "Father of the 'God Partithed"'Guardian 30 June 2008. Web.
<http://www.guardian.co.uk/science/2008/jun/30/higgs.boson.cern>.
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"Combined CDF and DZero Upper Limits on Standard Model Higgson Production with up
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OkWe have utilized two versions of ROOT throughout this analysis; ROOT version 4.04/02b is
the version that is set up in our usuahgetscripts, but we have to use a more recent version in
order to us@MVA v. 3.9.5. To obtain this version, we use the Osetup root v5_2#900a
GCC_3_4 3:dzero:rh7Qef setting up our working area (see Figure 2.2 for my initialiget
script)’

¥ Files Owh_cafe/wh_cafe/WHEvent.hppO, Owh_cafe/wh_cafe/WHTree.hpp,O and
Owh_cte/src/WHEvent.hppO all available at the following addvessiued®work/pepe
cluedO/enari/WH/p2113_3.0.7_v0/

"' Yamada, RyujiPowerPoint Presentatid@@WH W(WW) ! 1".(j.jj), or ! jj.Gj.i)O.
WH_WWW1.pptl8 Sep. 2008. Mained from R. Yamada. 4 Aug. 2009.

! Please refer to the TMVA UserOs Guide for more information on this package:

Hoecker, A., et. al. "TMVA Toolkit for Multivariate Data Analysis ArXiv. 11 Jure 2007.

Web. 4 Aug. 2009. <http://arxiv.org/pdf/physics/0703039v4>

6=



"#$"%&' (&)*+"
S HS-+* . +)+.0.-.7'12'3*4$)1415&

viii

rundatavsmc.csh, tree_datavsmc.cc, and WHTreeAnalyze.h can all be read from the
wh_cafe/datavsmc/ directory (this is the relativdrads from our DORunll p21.13.00 release
with the wh_afe package)

* Buehler, Marc, et. al. OSearch for standaodel Higgs production in the lepton + jets final
state for H>WW*! Ivjj decay in 3.66 fi §4.97 fb' of Run Il DataO. Version 2.0.1. 30 Jul.
2009. DO Note 5851. 4 Aug. 2009.

X Yamada, RyujiPowePoint Presentatio©WH W(WW) ! I".(jj.ji), or ! jj.(j.j)O.
WH_WWW1.pptl8 Sep. 2008. @ained from R. Yamada. 4 Aug. 2009.

JBYamada, RyujiPowerPoint Presentatio@ WH W(WW) ! [1".(jj.jj), or ! jj.(jj.i)O.
WH_WWW1.pptl8 Sep. 2008. @ained from R. Ymada. 4 Aug. 2009.

Jooside View of the DO Detector. Digital imadgeermi National Accelerator Laborator23 May
2001. Web. 6 Aug. 2009. <http://www.fnal.gov/pub/now/live _events/images/D0Osideview.gif>.
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